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Abstract
Functionally graded cellular microstructures whose porosity (i.e. volume fraction of void to
solid) is engineered to meet specific requirements are increasingly demanded by bio-engineers,
who wish to exploit their synergistic mechanical, chemical and thermal properties. Because
traditionally polymeric foams have been manufactured with homogeneous porosity, established
processes cannot control the distribution of porosity throughout the resulting matrix. Motivated
by the creation of a flexible process for engineering heterogeneous foams, this paper reports
how the manufacture of polymeric foams with a variable porosity distribution can be achieved
by ultrasound irradiation during the ‘sensitive’ stages of the polymerization reaction. This paper
reports how for each of the five distinctive stages of polymerization (i.e. cream, rising, packing,
gelation and solidification) the energy and mass balances were studied in order to determine the
underlying mechanisms that ultrasound employs to affect the reaction. It was concluded that
controlled ultrasonic irradiation affects convective mass transfer during foaming, especially
during ‘rising’ and ‘packing’ stages, and enhances the diffusion of the blowing agent
(i.e. CO2(g)) from bubble to bubble in the ‘packing’ and ‘gelation’ stages. The mechanical
work put into the system by ultrasound assists both the convection and diffusion by increasing
the rate of mass flux. The paper concludes with some experimental results that support the
above hypotheses.
(Some figures in this article are in colour only in the electronic version)
Nomenclature
A surface area, m2
B mass of blowing agent in the gas phase per
unit polymer mass
CB blowing agent molar concentration,
kmol m−3
c speed of sound, m s−1
cp specific heat at constant pressure,
J kg−1 K−1
DB mass diffusion coefficient for the blowing
agent, m2 s−1
dS0 bubble shell thickness at rest, m
dB/dt rate of formation of blowing agent, s−1
dX/dt reaction rate, rate of increase of reaction
extent, s−1
F frequency, s−1
GS elastic shell parameter (bubble); shear
modulus, Pa
Hr total heat reaction per unit of polymer
mass, J kg−1
hv latent formation (vaporization) heat of
blowing agent (solvent) per unit mass,
J kg−1
hm convection mass transfer coefficient, m s−1
K thermal conductivity, W m−1 K−1
k wavenumber
•
NB molar rate of increase of specie B per unit
volume due to convection, kmol s−1 m−3
P pressure, Pa
p(t) instantaneous acoustic pressure, Pa
R bubble radius, m
T temperature, K
t time, s
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u velocity, m s−1
xB mole fraction of specie B, CB/C
x, y, z Cartesian coordinates, m
Z acoustic impedance, kg s−1 m−2 or Rayl
Greek symbols
α convection coefficient, W m−2
γ polytrophic exponent of the gas
μ viscosity, N s m−2
μS viscous shell parameter (bubble),
N s−1 m−2
ρ density, kg m−3
ω angular frequency, s−1
ωBo initial fraction of blowing agent
Subscripts
( )x,y,z conditions at x, y, z
( )w conditions at the vessel wall
( )0 initial conditions; at rest
( )B,S referred to blowing agent on the membrane
surface
( )B,∞ referred to blowing agent under free stream
conditions
( )A referred to incident acoustic wave
( )L referred to liquid
( )S referred to the surface
Overbar averaged values in time; time mean
* referred to the foam
∇ Laplacian operator
1. Introduction
Nature provides many good examples of heterogeneous
materials: e.g. bone (figure 1(a)), a calcium phosphate mineral
of a functionally graded porosity reinforced by collagen fibrils;
wood and plants stems (figure 1(b)), a composite of fibrous
cellulose in a matrix of lignin; silk, chains of entangled
monomers. Since the earliest times, humans too have
devised manufacturing processes that allow the advantages
of mixing materials to be exploited. Bricks (made of mud
and reinforced with straw for construction purposes), paper
(a matrix of cellulose microfibres) or pottery (ceramic utensils
for cooking whose porous structure permits thermal insulation)
are illustrations of the pre-industrial uses of heterogeneous
materials. More recently, engineers have also recognized that
the performance of materials can be dramatically improved if
their composition and structure are varied to match precisely
their functional requirements [1]. Such heterogeneous
materials have engineered gradients of composition, or
structure, which offer superior performance over traditional
homogeneous materials. Indeed, heterogeneous materials
frequently demonstrate dramatic synergy, with their overall
performance being far greater than a straightforward sum of
the individual constituents. These types of materials offer
great promise in fields where a high performance technology
or active functionality is required (e.g. biomaterials, aerospace)
because their nature offer the possibility of a composition
where different substances can be blended, mixed, shaped or
assembled to form components for optimal performance.
Figure 1. Cross-sections (a) bone (courtesy Dr A MacRae, Univ of
Calgary, Canada), (b) bamboo stem—obtained by CPD, (courtesy
QuorumTech Ltd), (c) polymeric foam irradiated at 20 kHz and
26 000 Pa, 3.70 cm from probe, (d) polymeric foam irradiated at
30 kHz and 8900 Pa, 4.90 cm.
A polymeric foam is a particular example of a
heterogeneous material, since it is composed of at least two
phases, one (or more) solid, plus voids whose size and
distribution can be varied. Polymeric foam materials have
demonstrated great application potential in a myriad of fields
(biomaterials, tissue engineering, structural mechanics, etc)
because of their lightness, low density, chemical inertness, high
wear resistance, thermal and acoustic insulation [2]. This kind
of versatility makes foam exceptional as a design material.
Moreover, they have compositional similarities with natural
bone and, some types, a certain level of bioresorbability. Foam
core materials offer weight minimization, and the possibility
of being blended with ceramic, or metal, to form polymer-
ceramic/metal composites that overcome the disadvantages of
a pure polymeric foam artefact (e.g. poor mechanical strength,
short-lived nature, rapid degradability, etc).
The structure of a foam is characterized by the
distribution, size and wall thickness of cells in the bulk
material. That distribution has a direct correlation with the
mechanical properties of the solid foam. Therefore, when
a foamed material’s behaviour (e.g. sustained vibrations or
impacts) needs to be engineered, its cellular structure is
an obvious starting point. Consequently a reliable porosity
distribution representation and measurement method is very
important as it will allow a feedback loop to the manufacturing
conditions in order to obtain a cellular architecture with the
enhanced mechanical, chemical and/or thermal performance
intended.
The aim of this paper is to report work which has
demonstrated that positioning a foaming polymeric matrix
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within an ultrasonic field (i.e. with known frequency
and acoustic pressure amplitude) during the polymerization
‘sensitive stages’, permits the tailoring of the distribution of
bubbles (i.e. cells) to a desired size [3] (figures 1(c) and (d)).
‘Sensitive stages’ are those phases during polymerization in
which ultrasound can have an observable impact because
events such as diffusion or convection are predominant.
Therefore local alteration in the gas/vapour production and
exchange among bubbles can provoke changes in the foam’s
final porosity.
This paper is structured as follows: after briefly reviewing
the literature concerning foam chemistry (i.e. polymerization
stages and their correspondent energy and mass balances),
ultrasound and bubble dynamics in a viscous fluid (section 2),
the paper introduces the experimental procedure for a series
of experiments performed to investigate the effect of an
ultrasonic field on a vessel filled with polyurethane foaming
reactants (section 3). Section 3.1 reports the novel method
used to quantify porosity gradation in the irradiated foams.
The following section (section 4) presents the comparison
made between experimental and simulated results for the
acoustic pressure’s effects on the porosity gradation within
the foam cellular structure. An appraisal of this technique
as a manufacturing technology for foams with a tailored
porosity distribution is discussed in the final section before
some conclusions are drawn on the wider significance of the
findings.
2. Background
This section provides the necessary background on the
chemistry and physics of the sonication process described later.
2.1. Polymeric foams
Foam is the dispersion of a gas in a liquid, which creates a
characteristic structure when the matrix solidifies. Once cured,
the foam consists of individual cells, or pores, the walls of
which have completely polymerized and solidified to form a
skeletal structure. For some polymeric foams, there might
exist a latter stage at which those walls break, leaving an
open structure of interconnected pores (flexible complexion).
However, the polyurethane formulation used in this study was
such that it produced a final close-celled structure after curing
(rigid structure) [4]. The chemical reaction that occurs between
polyols and diisocyanate group to produce polyurethane [5, 6]
with distilled water employed as a blowing agent is:
HO–R–OH(polyol) + O=C=N–R′–N=C=O
(diisocyanate group) → –O–R–O–CO–NH–R′–NH–
CO–(PU) + CO2(gas).
The water diffuses between the chains of polyurethane
(PU) reacting at the same time with the isocyanate groups at
the end of the chains, causing the reticulation, or cross-linking,
of the polymer, and forming a rigid solid.
2.2. Overall foaming process
A qualitative description of the foaming process using
a chemical blowing agent can be expressed in terms of
characteristic stages [5, 7–9, 4] and the events that take
place in each of them. In order to assess the impact that
ultrasonic irradiation might have in these stages, both energy
and mass balances are performed. The general equation for
the energy balance is obtained by applying the first law of
thermodynamics to the polymerization, adapted from [10]
and [11]: the rate of energy accumulation in a control volume
added up to the net transfer of energy by fluid flow must be
equal to the sum of: the rate of internal heat generation due
to the chemical reaction subtracting the net heat of transfer
by convection, the net heat transferred by conduction (ruled
by Fourier’s law) and the net rate of heat transfer from
the control volume to its environment due to formation of
the blowing agent (CO2 from water) and/or vaporization of
any solvent present in the mixture. The overbar refers to
averaged values in time. Limitations exist in this energy
balance (i.e. Fourier’s law is not an expression that may be
derived from first principles, but a generalization based on
experimental evidence). However, the presumption that the
heat flux is normal to an isotherm and happens in the direction
of decreasing temperature (i.e. Fourier’s law) is a necessary
simplifying assumption in order to express the heat generation
and transfer within this complex system.
ρ¯cp
(
∂T
∂ t
︸︷︷︸
Rate energy accumulation
+ ux
∂T
∂x
+ uy
∂T
∂y
+ uz
∂T
∂z
︸ ︷︷ ︸
Net energy transfer
)
= (1 − ωBo)Hrρ¯
dX
dt
︸ ︷︷ ︸
Heat produced due to the exothermic reaction
− α¯A∇(Tx − Tw)
︸ ︷︷ ︸
Convection
− K∇2T
︸ ︷︷ ︸
Conduction
− ρ¯hv
dB
dt
︸ ︷︷ ︸
Formation of blowing agent
. (1)
The mass transfer for this particular case combines gross
fluid motion (convection) with diffusion (ruled by Fick’s law)
to promote the transport of the blowing agent formed by
the reaction, for which there exists a concentration gradient,
driving force for the flux of mass within the polymeric matrix.
The transfer rate through the polymeric wall (from bubble
to bubble or from cavity to cavity) has been investigated
by studying the concentration boundary layer [10, 11]. The
boundary layer plays an important role in the foaming of
the polymeric melt process because this manifests via three
phenomena: surface friction (i.e. gas/vapour on bubble shell
layer), convection heat transfer and convection mass transfer
across the bubble shell layer (both from liquid to bubble, or
vice versa). For compressible fluids (e.g. CO2 and vapour)
being transferred from a liquid and liquid-to-viscous media
to/from the bubble, the mass balance needs to be done on
a molar concentration basis, as density varies within the
3
Smart Mater. Struct. 18 (2009) 104001 C Torres-Sanchez and J R Corney
polymeric bulk:
∇
2
(
C DBxB)
︸ ︷︷ ︸
Diffusion
+
•
N B
︸︷︷︸
Convection
=
Concentration rate of
blowing agent in mixture
︷︸︸︷
∂CB
∂ t
. (2)
This general expression indicates that there are two
contributions to the absolute flux of species (i.e. how the
concentration of blowing agent changes in the mixture from
the start of the reaction): a contribution due to diffusion
(i.e. motion of gas/vapour relative to the motion of mixture)
and a contribution due to convection (i.e. motion of gas within
the mixture). No further simplifications can be made, as
the blowing agent and vapour are compressible fluids and
neither the blowing agent diffusion coefficient nor molar
concentration are kept constant throughout the process and
within the polymeric solution or, at a later stage, solid matrix.
Fick’s law is an analogous expression to Fourier’s law,
i.e. it is an empirical relationship. The presumption made
in this case relates to the mass transfer resulting from
a concentration gradient, and additional effects such as
temperature or pressure gradients are considered negligible.
The authors believe this is a credible assumption because the
species concentration gradient is likely to be the dominant
driving potential in most stages of this polymerization reaction.
2.3. Individual stages of polymeric foam formation
Once the general equations for both energy and mass transfer
have been defined in the context of polymeric foaming,
each of the individual stages will be described below and
explored in terms of macroscopic behaviour and mass/heat
transfer. The five main stages in the polyurethane foaming
have been established as: cream, rising, packing, gelation and
solidification stages [12].
1. Cream stage. Bubble nucleation occurs upon the addition
of the catalyst (i.e. water). The carbon dioxide gas, CO2,
produced acts as the blowing agent and gives a cloudy, creamy
appearance to the mixture. The mass transfer regarding the
blowing agent is null, as its concentration gradient is zero at
this early instant. The energy balance main contributions are
from the exothermic chemical reaction and the formation of
the blowing agent.
ρ¯cp
(
∂T
∂ t
+ ux
∂T
∂x
+ uy
∂T
∂y
+ uz
∂T
∂z
)
= (1 − ωBo)Hrρ¯
dX
dt
− ρ¯hv
dB
dt
. (3)
As the foam growth has not started yet, the initial
dimensions of the control volume are small. In addition it
can be assumed that the temperature gradient in x, y, z is
negligible, as the exothermic reaction and formation of the
blowing agent are homogeneous throughout the mixture. This
simplifies the energy balance at this stage.
∂T
∂x
=
∂T
∂y
=
∂T
∂z
∼
=
0 (4)
ρ¯cp
∂T
∂ t
= (1 − ωBo)Hrρ¯
dX
dt
− ρ¯hv
dB
dt
. (5)
2. Rising stage. After nucleation, the polymeric mass begins
its free expansion in an open vessel (i.e. at constant pressure
but with variable volume). Due to the exothermic nature of
the polymeric reaction, the temperature inside the container
is greater than the temperature at its walls. A gradient of
temperature is established. During this stage the liquid foam
is a metastable system that evolves dynamically due to two
processes: foam drainage (liquid flows through the interstitial
volume between bubbles) and foam coarsening (gas exchange
between bubbles). As the mixture is still a liquid, convection
will be the main heat transfer agent within. At this specific
stage, the contributions to the energy balance are: the heat
generated due to the reaction, convection and formation of
blowing agent (CO2 gas). The assumptions at the ‘rising’ stage
are the following:
• Velocities ux and uy can be considered of equal value due
to the small dimensions of the container. In addition, a
plane front is moving faster in the z-direction due to the
rapid growth of the foam.
• Likewise, the gradient of temperature in the x- and y-
direction is small compared to the one in the z-direction
because the rising of the foam is only in the z-direction.
Temperature at the wall (Tw) stays below the temperature
in the vessel (reaction temperature, Tx,y ) so:
∂(Tx − Tw)
∂x
=
∂(Ty − Tw)
∂y
= 0. (6)
Therefore, the general equation can be simplified as
follows:
ρ¯cp
(
∂T
∂ t
+ ux
∂T
∂x
+ uy
∂T
∂y
+ uz
∂T
∂z
)
= (1 − ωBo)Hrρ¯
dX
dt
− α¯A
∂(Tz − Tw)
∂z
− ρ¯hv
dB
dt
. (7)
As the mass transfer is predominantly convective at this
stage, the general equation for the mass balance can be written
as,
∂CB
∂ t
≈
•
N B (8)
∂CB
∂ t
≈
d
dt
(
hm As
(
CB,S − CB,∞
))
. (9)
3. Packing stage. The CO2 generated raises the polymeric melt
until a maximum height is reached. The exothermic energy
of the reaction is used to entangle units that will form cells.
The formed cells have trapped CO2 gas (the blowing agent
that is formed during the reaction) inside. This gas diffuses
through the polymer melt into the bubbles and moves from cell
to cell, these might coalescence and/or implode, and this can
provoke events of partial collapse of the foam. This stage is the
one at which more phenomena contribute in terms of energy
transfer: chemical reaction, formation of CO2, convection
and conduction, due to the viscoelastic characteristics of the
mixture. The following assumption is introduced into the
general energy balance:
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• Except at localized areas where events of collapse might
happen during a short period of time, velocity on the z-
coordinate can be considered zero, as the foam does not
grow (uz = 0).
ρ¯cp
(
∂T
∂ t
+ ux
∂T
∂x
+ uy
∂T
∂y
)
= (1 − ωBo)Hrρ¯
dX
dt
− α¯A∇(Tx − Tw)
− K∇2T − ρ¯hv
dB
dt
. (10)
Along with the energy balance, a mass balance needs to
be considered for the reaction from the start of the ‘packing’
stage to the instant at which ‘gelation point’ takes place.
This mass balance is of a two fold nature: diffusive and
convective, and both elements have to be considered when
recalling the general equation for mass transfer and expanding
its terms, as shown below. It also needs to be noticed that the
assumptions taken in order to simplify equation (2) into (11)
are that the gradient in the three coordinates (x, y and z) of
specie B, i.e. blowing agent, ∇xB, is much greater than the
gradient of the concentration, ∇C , as the viscoelastic mixture
is of homogeneous nature, i.e. same chemical composition
at any point of the mass, and than any gradient of diffusion
coefficient, ∇D, this considered negligible.
∂
∂x
(
C DB
∂xB
∂x
)
+
∂
∂y
(
C DB
∂xB
∂y
)
+
∂
∂z
(
C DB
∂xB
∂z
)
+
∂
∂ t
(
hm As
(
CB,S − CB,∞
))
=
∂CB
∂ t
. (11)
From this equation, it can be seen that there is a
direct relationship between the variation of the blowing
agent concentration with time and the diffusivity coefficient,
therefore the mass balance contains a diffusive component.
Other authors have also shown a similar relationship [13].
4. Gelation stage. At this point, the final structure of the
foam is reached. The rigidity of the matrix is high enough to
consider the bubbles as cells. Bubble size becomes fixed and
there is no longer the possibility of the bubbles expanding or
collapsing, as the increasing viscosity of the plastic makes the
walls stiff and strong against shear forces. The contributions
to the energy balance at this stage are: heat generated by
the reaction, conduction and convection. Although convection
is still considered here (due to the presence of large pores),
conduction is a dominant phenomenon over convection, which
will decrease in value until becoming negligible at the start of
the next stage. The assumptions at this stage are:
• Vapour/gas molecules velocities are considered small and
decreasing at this stage (ux , uy , uz = 0).
• The gradient of temperature along the z-axis (variation
of temperature of the foam with height, dT/dz = 0)
is considered negligible, since the heat transfer from the
foam surface to the surrounding air is insignificant (air
is a poor conductor of heat and there is no variation of
velocity or foam height in the z-direction. Dissipated heat
by convection is also considered negligible due to the lack
of turbulent air above the free surface of the solidifying
foam).
Introducing these assumptions into the expression for the
general energy balance, the following equation is obtained:
ρ¯cp
(
dT
dt
)
= (1 − ωBo)Hrρ¯
dX
dt
− α¯A
(
∂(Tx − Tw)
∂x
+
∂(Ty − Tw)
∂y
)
− K
(
∂
2T
∂x2
+
∂
2T
∂y2
)
. (12)
The mass balance also contains a term which represents
the diffusion (by Fick’s law in the gradient at the boundary
layer) and, in a smaller contribution, the convection term. Any
gradient in the z-coordinate is considered negligible in this case
too.
∂CB
∂ t
=
∂
∂x
(
C DB
∂xB
∂x
)
+
∂
∂y
(
C DB
∂xB
∂y
)
+
∂
∂ t
(hm As(CB,S − CB,∞)). (13)
After the gelation point, the viscosity increases drastically
in detriment to the diffusion process, and consequently the
mass diffusion coefficient (DB) decreases making the transfer
of the blowing agent slower through the boundary layer, among
wall cavities. The stiffness of the cavities’ walls promotes heat
transfer mainly by conduction. As a consequence, it can be
concluded that the soft elastic gel nature created after gelation
does not promote growth of bubbles.
5. Solidification stage. Finally, when all the polymeric
mass has gelled, the final structure is obtained. Cross-linking
finishes and foam starts a curing period where cells become
fully solidified. As the foam is rigid and the polymeric
cells are fully formed, the convection contribution to the
energy balance can be assumed to be zero since the velocity
at which vapour/gas molecules move (from cavity to cavity
or inside each cavity) is too small to be significant. This
velocity decreases rapidly from the gelation point due to the
introduction of a rigidity term in the polymeric matrix. It is
also assumed that the gaseous fluid adheres to the wall of the
cavities, and therefore the heat flow at the wall will be by
conduction, not by convection [9]. For this reason, heat will
be transmitted mainly by conduction (which causes the drying
of the foam) until there is no temperature gradient in the foam
(dT/dt = 0).
ρ¯cp
(
dT
dt
)
= K
(
∂
2T
∂x2
+
∂
2T
∂y2
+
∂
2T
∂z2
)
. (14)
It is notable that the mass transfer equation for this stage
does not include a convective term. The only process related to
the mass flux during this stage is the diffusion of any remaining
vapour from the foam volume to the outer environment. The
content of the blowing agent here is mainly vaporous resulting
from the drying of the foam.
∇
2
(C DBxB) =
∂CB
∂ t
(15)
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∂
∂x
(
C DB
∂xB
∂x
)
+
∂
∂y
(
C DB
∂xB
∂y
)
+
∂
∂z
(
C DB
∂xB
∂z
)
=
∂CB
∂ t
. (16)
2.4. Sonication of multiple bubbles in a viscous matrix
Literature has widely reported ultrasonic irradiation to foams
under a myriad of specific applications. Examples are:
the interaction ultrasound/foam that enabled defoaming in
bottling of fizzy drinks and the dissipation of foam in reaction
and fermentation vessels [14, 15], controlled polymerization
rate [16], enhancement of contaminants removal [17], aided
food dehydration [18] and drug delivery [19]. Many of these
applications exploit the ultrasonically stimulated transient-
cavitation effect (rapid growth and explosive collapse of
microscopic bubbles). An established research trend focusing
on irradiation of foams under stable-cavitation conditions
(i.e. rectified diffusion that enlarges the size of the bubble in
a sustainable way) has not been found in the literature.
Ultrasound, as any other wave transmitting through a
material medium, causes the particles of the irradiated medium
to be set into vibrational motion through which they gain
kinetic energy [20]. The defining equation for a pulsating
incident field of sound is:
p(t) = P0 + PA cos(ωt + kx). (17)
For the purpose of this work, a wave, which is character-
ized by its frequency and amplitude, was continuously emit-
ted (standing wave within rigid boundaries, i.e. walls in be-
tween which it was transmitting) from the source. Therefore,
the defining equation is expressed as [20–22]:
p(t) = P0 + PA cos(kx) sin(2π f t). (18)
Much has been written about motion of a gas bubble
in liquid when it is irradiated. Translational motion due to
buoyancy and drag forces are not significant here since they
have been defined for bubbles in aqueous solutions and in this
case bubbles are pulsating a polymeric matrix that constrains
their positions in the matrix from an early stage due to a
‘packing effect’ (i.e. bubbles grow competing for space).
In particular, bubble growth rate has been generally
predicted and represented by the Rayleigh–Plesset equation
and its several approximations (e.g. Safar’s, Eller’s, Crum’s,
etc) [23, 24]. However, this expression was developed for
‘free’ bubbles, those which are suspended in a Newtonian
liquid (i.e. water). In contrast, the bubbles considered in
this study are so called ‘shelled’ bubbles, bubbles pulsating
in a viscoelastic matrix that offers resistance to the bubble’s
expansion/contraction induced by ultrasonic irradiation. A
bubble in a sound field is a highly nonlinear system (i.e. a
change in the sound amplitude not only changes the amplitude
of the oscillations, it also changes their shape). When the
bubbles are embedded in a viscoelastic polymeric matrix, this
nonlinearity might be reduced due to a more limited amplitude
oscillation. Nonetheless, regardless of its magnitude, the high
nonlinearity of the system makes modelling the bubbles motion
and expansion very difficult and some simplifying assumptions
are needed to allow progress in the mathematical description of
the system.
In the context of this work, the expression for encapsulated
bubble growth rate in a standing wave (i.e. bubbles in
a polymeric or starch matrix) by Church [25] and then
simplified by Hoff [26], where the only variable is the bubble
radius, is particularly important. The model is based on
spherical bubble growth as a simplification of the bubble
geometry. The modelling of a 3D network of bubbles requires
substantial work, beyond Hoof’s and Church’s contributions, to
characterize bubble-to-bubble interactions and their evolution
over time. To date, to the authors’ knowledge no such model
has been reported.
ρL
(
d2 R
dt2
R +
3
2
(
dR
dt
)2)
= P0
((
R0
R
)3γ
− 1
)
− p(t) −
4μL
R
dR
dt
−
12μSdS0 R20
R4
dR
dt
−
12GSdS0 R20
R3
×
(
1 −
R0
R
)
. (19)
When bubbles of initial small radii suffer alternate
expansion/contraction due to the sinusoidal nature of the
sound wave field, under conditions of stable-cavitation, this
process is positive. Expansions are bigger than contractions
and the bubble growth is in resonance with the sound wave
and sustained in time. Bubble dynamics play an important
role in pore enlargement, but other processes also enhanced
by ultrasound (i.e. diffusion and mixing) will influence the
dynamics of the process of foam formation. Particularly
important in the context of foams and other high viscosity
fluids is the ability of ultrasound to produce an increase in mass
transport due to diffusion variation [27].
Essentially, equation (19) associates sound and shell prop-
erties: sound affects the viscosity of fluids significantly (usu-
ally decreasing their viscosity), so acoustic radiation reduces
the diffusion boundary layer, increases the concentration gradi-
ent and may increase the diffusion coefficient. In addition, tur-
bulent convection provoked by ultrasound decreases the thick-
ness of the mass transfer boundary layer, i.e. the wall of the
pore, and increases transport through the membrane. However,
if the shear forces provoked by ultrasound are excessive, some
cells might rupture affecting the viscoelastic equilibrium in the
matrix and, in extreme conditions, leading to a foam collapse
(effect of transient-cavitation).
The preceding sections have described the chemistry and
physics involved in each stage. These descriptions will be
revisited in the discussion when the nature of the sonication
effect is argued.
3. Methodology
As the energy and mass balances suggest that ultrasonic
irradiation might have an impact on those ‘sensitive’
polymerization stages (e.g. ‘rising’, ‘packing’ and ‘gelation’),
a series of experiments were performed to establish whether
there was any noticeable effect on the final porosity distribution
of polyurethane foam when irradiated while polymerizing. The
6
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Figure 2. Schematic of the experimental rig, lateral and plan views, showing variable positions of a single foam container.
reactants were irradiated in a temperature controlled (313 K ±
1 K) water bath over several values of frequency and acoustic
pressure. The schematic shown in figure 2 illustrates the
ultrasonic source and the polypropylene (material chosen for
its similar acoustic impedance to water, i.e. a low energy loss at
the interface) container (5 cm diameter, 7 cm height, 0.16 mm
thickness). This held the reactants within the water bath, whose
walls were lined to minimize wave reflection. The use of a
water bath ensured the temperature of the environment could
be controlled independently of the effects of ultrasound and
avoided overheating due to the continuous functioning of the
piezoelectric probe. The container was firmly clamped with
a lab stand and positioned along the longitudinal axis of the
bath. The ultrasonic piezoelectric sources used were a 20 kHz
Bandelin Sonopuls sonotrode, Germany, UW 3200 and a 25
and 30 kHz Coltene Biosonic US100, USA. In order to have
both transducer and foam container aligned, the sonotrode tip
was immersed 2 cm below the free surface, on the same plane
as that of the central plane of the container.
The reactants used in this study (Dow Europe GmbH,
Switzerland) were pre-treated and the diisocyanate content in
the mixture was rectified to have a fixed 40%. The amount
of distilled water added was directly related to that amount
(20%vol H2O per ml mixture). This was done using the
procedure of stirring for a standard time of 70 s and minimizing
air intake into the mixture. All mixtures were sonicated
in an open-vessel container to avoid the build up of the
internal pressure due to the water vapour and gases (e.g. CO2)
generated by the reaction that could provoke unwanted
implosion of bubbles. The containers were perpendicular to
the sonicating probe and had the opposite 180◦ of their surface
shielded by absorbent material to minimize reflections from
the walls and enable investigation of the effects by direct ‘near
field’ sonication. Thermocouples and conductivity probes were
held in the middle of the mixture and used to monitor the
reaction and establish each stage’s completion [12].
The 20 min irradiation period was an off/on cycle of 2 min
on/1 min off starting after adding the distilled water, and then
left in the bath for 30 min until the foam was rigid. This
cyclic irradiation was established by initial experimentation
as sufficient to induce changes in the foam structure without
causing collapse. The ultrasonic irradiation characteristics
were established by previous mapping of the ultrasonic bath
using a needle-type hydrophone (Bru¨el and Kjær, Denmark,
type 8103) shielded with a barrier made of the same open-
vessel material for representative values. The sonication
conditions obtained after analysis of the bath dimensions,
bath walls behaviour, coupling agent (i.e. water), temperature,
etc were used to model the acoustic field (figure 3). Both
acoustic fields (i.e. inside of the water bath and in the
containers) were modelled using a COMSOL™ Multiphysics
application.
The experimental procedure followed is summarized as
follows: (1) a measured amount of reactant was placed in the
container located at a certain distance from the sonotrode; (2)
the process was initiated by addition of water (the chemical
blowing agent and catalyst for the reaction); (3) ultrasound of
known acoustic pressure value was applied; (4) on completion
of the reaction, the foam was left to cure for 48 h; (5) once
the sonicated foams were fully cured, they were de-moulded
and cut in half with a coarse-tooth saw and the cross-sections
scanned for further analysis.
3.1. Quantifying porosity distribution in polyurethane foams
To assess the effects of the ultrasound exposure on the
foam’s cellular structure, a method of characterizing the
porosity distribution within a material is essential. For
open-cell structures (e.g. flexible foams, rocks), porosity
can be measured using liquid displacement techniques
(e.g. Arquimedes’, toluene infiltration displacement, mercury-
porosimetry), which provide an average density value for the
bulk material (e.g. measurement permeability and tortuosity
in a sample). However, for this work, closed-pore foams
were manufactured and so these methods were not applicable.
The lack of a systematic method for the assessment of a
heterogeneous material’s porosity [28], was a difficulty for
a direct assessment of the cellular structure in the irradiated
foams. To overcome this obstacle an image processing
application, known as ‘Topo-porosity mapping’ tool, was
developed in MATLAB™ to allow analysis and delineation of
the foam porosity observed in a cross-section. This strategy
considered the density of a cellular solid as the ratio of the
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Figure 3. Acoustic pressure field (volume, left and slice on y axis, right) mapping of the water bath showing partial maxima along the bath,
from the probe.
Figure 4. (a) MATLAB™ interface; (b) isoporosity contour lines; (c) and (d) correspondent areas in image analysis and contour lines.
density of the foam (ρ∗) to the density of the solid (ρs)
material (ρ∗/ρs) [2]. The density of a foam is indicative of
its porosity. Each sample was sliced and the porosity assessed
using digital image analysis. Similar structure characterization
methods have been already used in aqueous and polymeric
foams [29]. Within the sliced samples, the 3D network
of the foam structure can be clearly observed (figures 1(c)
and (d)). The samples were scanned at 1500dpi resolution
in an EPSON Perfection Scanner 1640SU. The purpose of the
‘Topo-porosity mapping’ tool was to correlate the topographic
distribution of isolines of density in each sample with the
manufacturing process parameters present during its formation
(e.g. sonicating irradiation, frequency and relative position in
the acoustic field).
In essence, the program calculated the amount of cell
wall material in different cross-sections of the foam. Points
with the same range of porosity were connected by curves
in the same way that contour lines in a topographic map
connects continuous points of the same altitude. These
topographic maps of porosity provided information on the
porosity distribution within a foam cross-section, indicating
the relative positions of areas with equivalent porosity
(figure 4).
In order to isolate the surface plane, the RGB values
for colour of the foam matrix were filtered from the image.
Colour power, colour threshold and intensity were also used
to enhance the surface and its contrast. A good contrast in
the image leads to a good qualitative image segmentation.
This is a crucial stage in the process as a slight variation
in the values may provoke a different porosity result. In
this case, once the thresholding values are set, these are kept
fixed and used for every foam within the batch. Therefore,
any possible variation is minimized as each image uses the
same reference value. Using this filtered image, a grid was
applied to the image, which counted the pixels and adapted
(i.e. reduced or expanded) the size of squares in the grid until
they matched a given value of intensity. This intensity was
set via the mesh spacing initially chosen so it reflected the
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Figure 5. Cross-section of foams sonicated at 20 kHz, same value of acoustic pressure but different positions in the acoustic field (irradiating
probe was located on the left in the three cases).
observed distribution of cellular porosity. The image was
then pixelated and each grid contained a value which was the
number of pixels contained in that area. Applying the ‘contour’
option, a set of isoline curves was obtained and connected all
points with an equal number of pixels, which was indirectly
related to porosity and directly linked to density. The results
were topographic pictures, where points of equal porosity were
joined by contour lines. The relative position of the contour
lines gave information about the rate of change within an
image. Based on the ratio ρ∗/ρs, the contours effectively
mapped porosity distribution where a value of 200 was set to be
equivalent to the density of solid polyurethane. For areas where
the colour was red, the density was higher, so porosity was low.
For areas where colour was blue, porosity was higher. For areas
with no lines, or spaces between lines, there was no variation
of porosity in the samples (given the interval used to generate
the plot). For example, when foam occupied 80% of the total
volume, the value of the lines was 160, as shown in figures 4(c)
and (d). By using the same parameters for colour filters and
threshold, a comparative study among samples could be made.
A validation of this technique was performed via comparison
of the ‘Topo-porosity’ results versus direct measurements of
porosity on the sample. The description of the procedure and
the results can be found elsewhere [30].
4. Results
The sonicated foams presented a graded porosity and,
depending on their position within the acoustic field, that
gradation had different configurations (figure 5). Areas in
the foams’ cross-section with larger pores correspond to
those zones in the bath with higher acoustic pressure values.
Therefore, the effect of sonication on the pore architecture
could be directly linked.
The porosity of the irradiated foams was represented
using the isoporosity lines, as explained in the previous
section, which enabled a systematic investigation on how
ultrasound affected the cellular architecture at each location
in the acoustic field. At the same time, results from the
COMSOL™ simulation of the acoustic field inside of the
vessel at each sonication condition (i.e. acoustic pressure and
frequency) were computed. Both results, porosity values from
the solid samples and acoustic field levels from the sonication
environment were compared against each other. The values of
porosity (figure 6(a) from the MATLAB™ image analysis) and
sound pressure (figure 6(b) from the COMSOL™ simulation)
along a line through the mid-point (i.e. same depth than
the immersed sonotrode’s tip) of the container were plotted
(figures 6(c) and (d)). This allowed a direct comparison
between the porosity gradation measured on the samples’
cross-section (figure 6(e)) and the acoustic field that they
were subjected to. For each frequency of irradiation (i.e. 20,
25 and 30 kHz), the porosity distribution across the section
of the foams (solid line) was plotted against the acoustic
pressure level in the foam container (as extracted from
the COMSOL™ simulator), assuming the foam’s acoustic
attenuation to lie between the extremes of water (dash and
dot line) and cortical bone (dashed line) (figure 7). The
results suggested that the samples that were irradiated at higher
acoustic pressures presented a better correlation between
the porosity distribution and the acoustic pressure level.
Likewise, those foams irradiated at lower acoustic energy
showed a weaker correlation with the simulated pressure
distribution.
Although the bulk porosity remained approximately the
same from early stages of the polymerization reaction until
fully cross-linking of the polymer, the local porosity and,
therefore, the acoustic impedance, varied continuously. The
acoustic impedance of a viscous fluid is a function of the
density of the fluid, its viscosity and the frequency of
the ultrasonic wave [31]. During foam cross-linking, the
irradiated medium was a mixture of water, carbon dioxide
and polyurethane foam. Therefore, the acoustic impedance
was expected to change from an initial value similar to water
(Zwater = 1.48 MRayl), through an acoustic impedance similar
to resin (Z resin = 1.5–1.8 MRayl) [32] when the viscosity was
high, evolving finally towards values associated with porous
materials (7.4–10 MRayl) [21] or compact bone (9.3 MRayl
for a density of 1930 kg m−3) [33] when the foam was fully
cured and dry. For the purpose of the irradiated foam in the
simulated bath, the working acoustic impedances that were
used corresponded to the water (Z = 1.48 MRayl; density
1000 kg m−3, longitudinal sound velocity c = 1480 m s−1)
and to typical trabecular bone (Zbone = 2.6 MRayl for a
density of 1630 kg m−3, c = 1550 m s−1) [34], which
matched the expected density of the foam at those stages in
the reaction.
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Figure 6. Procedure for analysis of foam irradiated at 25 kHz and 8.85 cm distant from the sonotrode while immersed in the water bath.
(a) Isoporosity contours from ‘Topo-porosity’ applied to the cross-section of a foam sample. (b) COMSOL™ simulation of the acoustic
pressure distribution in a vertical plane from the modelled vessel immersed in the water bath. (c) Porosity values (inverse of density values)
extracted along mid-line (AA′) of ‘sonication plane’ aligned with sonotrode. (d) Simulated sound pressure levels extracted along mid-line
(BB′) of the ‘sonication plane’ aligned with sonotrode for two acoustic impedances (Z = 1.48 MRayl is water and Z = 2.6 MRayl is bone).
(e) Comparison porosity (experimental) versus sound pressure distributions (simulation) for irradiated foam.
5. Discussion
5.1. ‘Sonication window’ for the polyurethane polymerization
The results show a direct correlation between porosity values
and the acoustic pressure applied to the vessel during foaming.
The foams were subjected to a sinusoidal wave in the
acoustic field that attenuated in a complex fashion when
travelling through the vessel where the polyurethane mixture
was reacting. It is apparent even to the naked eye that
the porosity gradation in the foam final structure also shows
a parallel topology to that of the standing wave in the
acoustic field within the vessel. The physical phenomena
underlying these results can be visualized with a schematic
(figure 8) that illustrates the different ways acoustic cavitation
influences the size of bubbles in polymeric foams depending
on the level of acoustic pressure. This sketch completes
the descriptions of other researchers who have observed
situations where gas bubbles submerged in liquid could only
suffer enlargement [23, 35] (stable cavitation) or implosion
(transient cavitation) [14]. Our results showed that, for
the polyurethane foams studied, bubble enlargement was
proportional to the sound pressure when this was larger than
a lower threshold value (below which there was no effect
on the cellular structure), and lower than an upper threshold
value, that provoked homogenization and, at an extreme,
collapsing of the polymeric cellular structure through breaking
the polymer chains and implosion of bubbles. Both lower and
upper threshold set the boundaries for a ‘sonication window’
explored here for this particular polyurethane formulation.
It is thought that a similar window exists in other foaming
polymers, and this is a subject of further study in order
to optimize the manufacture and porosity tailoring in these
cellular structures.
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Figure 7. Comparison of porosity and sound pressure distributions for foams irradiated at the following conditions: (a) 20 kHz, 3.70 cm from
probe irradiating at 18 kPa; (b) 25 kHz, 6.35 cm from probe irradiating at and 12 kPa; (c) 30 kHz, 2.45 cm from probe irradiating at and
8.9 kPa; (d) 30 kHz, 4.90 cm from probe irradiating at and 8.9 kPa.
Figure 8. Stages of acoustic cavitation exploited for the tailoring of
polymeric foams.
5.2. ‘Sensitive’ stages to ultrasound in the polyurethane
polymerization
The energy and mass balance associated with each foam
formation stage described in section 2.3 describes how
phenomena such as the formation of blowing agent,
convection, conduction and diffusion all affect the foam
formation. The relative importance of the various parameters
varies from stage to stage.
The ‘cream’ stage is when the reaction starts due to the
addition of the catalyst (i.e. water). The contributions to
the energy balance at this stage (equation (5)) are the heat
produced due to the exothermic reaction and the formation of
CO2 from the water. This can be assumed to remain constant
when fixed quantities of water and monomers are used. It is
unlikely that ultrasound plays an important role at this stage,
since the kinetics of the blowing agent formation has a much
larger inertia than the physical effect that ultrasound might
provoke in the mixture.
The ‘rising’ stage is characterized by convection caused
by a rapid increase of volume at constant pressure. The energy
balance associated with this stage (equation (7)) is dominated
by a convective term due to the rapid formation of CO2(g),
blowing agent. The mass flux in this stage is predominantly
convective mass transfer (equation (9)). The ultrasonic
irradiation is thought to aid a macroscopic convection of the
blowing agent produced and its homogeneous distribution into
the polymeric metastable bulk, thus, enhances the formation
and swelling of bubbles at this stage.
The ‘packing’ stage is the one phase in which the
largest number of variables contribute in terms of both
energy (equation (10)) and mass transfer (equation (11)), and,
consequently it is not surprising that this is when the ultrasonic
irradiation has its biggest effect on the cellular structure. At
this stage, the melted polymer fills the container uniformly,
and the cross-linking reaction takes place in order to turn
bubbles into pores, strengthening the neck of the cavities. The
density of each element (dx, dy, dz) changes accordingly to
the formation of CO2(g)—blowing agent—and there is mass
exchange (vapour, not liquid) with the neighbouring elements.
The authors believe that a convective transport of mass and
energy is intensified when ultrasound is applied to the sample.
Another observation about the energy balance for this
stage (equation (10)) is that the conduction term can be
affected and enhanced by ultrasonic radiation. Reported in
the literature [7] and successively referenced in [8] is the fact
that the thermal conductivity, K is a function of instant foam
density, ρt . In other words, the dissipation of energy can be
accelerated by the ultrasonic radiation, by both conduction and
convection. This will decrease the difference in temperature
(T ) at inner locations in the vessel and on the perimeter of
the sample. A forced dissipation of heat assisted by ultrasound
decreases the temperature gradient at the container walls and
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in turn leads to a minimization of skin formation during
processing. This is important in the context of manufacture
since skin formation (i.e. a high density layer of the same
material) is undesirable in foams for structural applications, as
the skin has very different mechanical properties from the core
foam.
In addition to the convective effects, the mass transfer
resistance (equation (11)) can be decreased with the application
of ultrasound, as the mass diffusion coefficient (DB) will
increase. If DB can be increased, then the formation of
the blowing agent can be enhanced [13], as the diffusion
coefficient is a function of the formation of the blowing agent,
dB/dt = F(DB). Conversely, the formation of blowing
agent suggests that DB is the variable affected by ultrasound.
Therefore, if ultrasound can influence the diffusivity, it can also
accelerate the formation of CO2, and vice versa, resulting in a
reaction that is brought to ‘gelation point’ in a shorter time.
The mechanical work put into the system by ultrasound assists
the diffusion by increasing the rate of mass flux. Bubbles are
subjected to stretching, shearing and compression–expansion
(Bjerknes) forces.
The effects of ultrasound during other stages are less
pronounced: at ‘gelation’ stage, ultrasound improves the
permeability of the gas through the cavities walls, although
its impact on the polymer density is less pronounced than
the effect produced in the ‘packing’ stage. Convection,
even if small compared to conduction, is enhanced too, and
both contribute to a larger permeability. It is also obvious
the ultrasound will have no effect on the foam’s porous
architecture if irradiated during the ‘solidification’ stage,
because the porous architecture is fully set, the walls rigid and
the cavities defined.
In summary: controlled ultrasonic irradiation affects
convective mass transfer during foaming, especially during the
‘rising’ and ‘packing’ stages, and enhances the diffusion of
the blowing agent (i.e. CO2(g)) from bubble to bubble in the
‘packing’ and ‘gelation’ stages.
Those three stages (‘rising’, ‘packing’ and ‘gelation’)
are theoretically more sensitive because the physical effect
of a controlled ultrasonic irradiation effectively pumps in/out
the dissolved gas/vapour into the bubbles and, therefore,
controls their final size. The ‘bouncing’ (i.e. successive,
rapid stretching and shrinking of the cell walls) caused by
the ultrasonic wave contributes to an increase in the period
of viscoelastic behaviour of the forming matrix. When the
acoustic pressure was above the lower threshold (figure 8),
bubble growth occurred, as the driving force for expansion
was larger than the resisting force. However, in later periods
of the ‘gelation’ stage, and in the ‘solidification’ stage, the
viscosity was too large for an oscillatory behaviour to occur,
so the expansion halted. There seems to be a consensus
in the literature that a degree of viscoelasticity enhances
bubble growth [36–38] especially in low molecular weight
polymers [39] and, as this research work assumes, in early
stages of high molecular ones. But more recent studies [40, 41]
suggest that a reduction in viscoelasticity has little effect on
bubble growth, and instead place more importance on blowing
agent concentration, pressure surrounding the bubble and
diffusivity. This does not contradict the experimental results
obtained here, since the nature of the effect of ultrasound on
the foaming process is not well known, and it can credibly
claim to influence both of these phenomena at the same time:
viscoelasticity (i.e. incremented shear rate due to mechanical
stirring), enhancement of diffusivity, as well as pressure
gradient provoked by stable cavitation.
Due to the difficulty in testing the viscosity of a polymeric
material near the liquid–solid transition, many authors have
reported opposing views during the past 20 years. However,
recent technological advances are permitting more accurate
measurements, and the latest published results [42, 43]
indicate that viscosity of the polyurethane viscoelastic melt
is dependent on the shear rate and so a shear-thinning
effect (i.e. viscosity decreases when shear rate is applied,
independently with time) exists. Consequently, the authors
believe that one of the mechanisms underpinning the
phenomena reported here is that ultrasound provokes ‘stirring’
and so the viscosity of the PU melt decreases due to its
viscoelastic nature and the effect of shear-thinning reducing
viscosity. Although the expression used to model the variation
of bubble volume in the polymeric matrix (equation (19)) is
not a complete model of the process (e.g. assumes spherical
bubble shape, a linear relationship between the matrix viscosity
and the bubble surface, etc), it allows the relative importance
of the various parameters to be characterized. Further work is
required to provide a quantitative understanding of the different
interacting mechanisms incorporated in this expression.
6. Conclusions
During the foam polymerization reaction, the acoustic pressure
in the water bath varied causing the bubbles to pulsate in
a state of ‘stable cavitation’ (i.e. rectified diffusion). This
pulsation of the bubbles ‘pumped’ gas from the liquid to the
gas phase inducing them to increase in volume. The eventual
solidification resulted in a porous material with a cellular
structure that reflected the acoustic field imposed upon it.
The authors conclude that, when conditions of stable
cavitation are established, ultrasound can create porosity
gradation by producing bubbles of different sizes depending
on the acoustic pressure to which they are subjected. This
mechanism allows the engineering of standing waves to ‘tailor’
the porosity of the polymeric matrix that solidifies into a foam.
The results in this work also offer a valuable insight to
the importance of the ‘packing’ and ‘gelation’ stages, and
the mechanisms that makes them ‘sensitive’ to ultrasonic
irradiation. It is believed that controlled ultrasonic irradiation
affects convective mass transfer, especially during ‘rising’ and
‘packing’ stages of the foaming process, and enhances the
diffusion of the blowing agent (i.e. CO2 gas) from bubble to
bubble in the ‘packing’ and ‘gelation’ stages.
Current work is focused on the definition of acoustic
properties (i.e. acoustic impedance, Z ) which vary with
reaction time and in turn will contribute to physical properties
such as viscosity in the foaming melt. The hope is that this will
allow an even more accurate correlation of ultrasonic energy
levels to values of porosity in the sonicated foams.
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The effects of ultrasound on porosity demonstrated by this
work offer the prospect of a flexible manufacturing process that
can control and adjust the cellular geometry of foam ‘electron-
ically’ and hence ensure that the resulting characteristics of the
heterogeneous material match the functional requirements in
specific applications where engineered cellular structures re-
quire to be customized (e.g. biomimetics and orthopaedics;
structural components, etc).
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